In the early 1980's Johnson & Johnson developed a revolutionary process for the production of webs containing superabsorbent polymers (SAP) produced by in-situ polymerization of partially neutralized acrylic monomers directly on a synthetic nonwoven substrate [1, 2, 3, 4] . A fresh look at this forgotten technology will be presented from both a manufacturing and application perspective. In particular, In-situ, SAP-containing nonwovens offer many unique properties for application in the personal hygiene industry, such as, improved fluid acquisition, permeability, compressibility and pH control. These materials also provide a more homogenous SAP distribution, eliminate the need for SAP powder handling and have superior wet integrity as compared to conventional fluff pulp/SAP air laid structures. This technology also offers some unique opportunities for designing and manufacturing profiled absorbent articles with specific zones tailored to perform specific functions.
Introduction
Typically, conventional superabsorbent powder polymer production begins with solution polymerization of partially neutralized acrylic acid along with a small amount of a crosslinking agent in water. The polymerization results in a water insoluble, water swellable gel containing approximately 25 to 40 % solids, which must then be cut, dried, milled and sifted to produce a powdered SAP product with a typical particle size ranging between 100 to 800 µm. The sifting operation typically generates a fines stream that must be recycled back into the production process creating a production bottleneck. The finished SAP product is then shipped to a hygiene-industry converter where it is blended with fibrillated wood fluff to form the absorbent core structure of a personal hygiene article such as a diaper.
In an in-situ SAP process, the partially neutralized acrylic acid monomer solution is applied directly to a nonwoven substrate and polymerized. The web may be fed to the process either as a pre-manufactured roll good or, preferably, made in-line from bulk staple fiber using a carding operation. The monomer solution may be applied to the web using a variety of application techniques such as brush coating, pressurized liquid spray, airassisted spray or airless spray. Initiation of the polymerization may be carried out by using a redox package, thermal initiation, UV, electron beam radiation or a combination of methods. Partial drying of the web may be achieved using the heat of polymerization if the acrylic acid concentration of the monomer solution is above 30%. The moisture content of the final product may be adjusted to the desired level using either a through-air, air flotation, or forced-air infrared dryer. The dried product is then mechanically softened, slit to the desired use width and wound. A schematic comparison of a conventional SAP production process and an in-situ process is shown in Figure 1 .
The in-situ SAP process offers a number of potential advantages for hygiene converters over conventional technology. Since the process produces stable, immobilized SAP structures, it eliminates the need for SAP powder handling and the associated dust exposure issues. It also offers the potential to provide more uniform SAP distribution in absorbent core structures and will remain stable during transport. The immobilized SAP particles also remain stable even in the hydrated state. Other possibilities include zoned SAP gradients and strategic placement of SAP's with different performance properties within the core structure. The technology further offers the possibility of reducing production costs through the minimization of SAP processing steps.
Nonwoven Substrate
One of the major objectives of the in-situ process is the formation and bonding of discrete SAP micro-droplets to individual web fibers as shown in Figure 2 . An optimized nonwoven structure is critical to the achievement of this state. Typically, a highloft nonwoven structure is required, depending on the desired SAP loading and application. Key substrate properties include the basis weight, bulk density, loft and porosity. A delicate and intricate balance of these properties must be maintained in order • to avoid saturation of the web structure during the monomer coating process. Saturation, where droplets of monomer solution coalesce on the web, leads to agglomeration and film formation. Figure 3 shows the functional relationship between SAP basis weight and weight percent loading for 55, 80 and 100 gsm substrates at a constant substrate density of 0.018 g/cc. Once the saturation zone is reached for a given substrate, film and agglomerate formation begins to occur and negatively impacts the flexibility of the structure. In addition, this phenomenon also adversely affects the absorbency rate of the applied SAP.
The monomer coating process is also critical to SAP droplet formation. For spray application, the degree of atomization is controlled by: (1) the viscosity of the coating (the higher the solution viscosity with the high shear rate encountered going through the nozzle orifice, the larger the particle size), (2) atomization gas pressure (higher gas pressure giving smaller particle size), (3) diameter of the nozzle orifice (smaller orifice giving smaller particles), (4) pressure forcing the coating through the orifice (higher pressure leading to smaller particle size), and (5) surface tension (lower surface tension yielding smaller particle size) [5] . By maintaining a critical balance among all of these parameters, the SAP particle size on the web can be controlled. Both fiber type and finish also play a crucial roll in droplet formation. As shown in Figure 4 , hydrophobic fibers and finishes promote more spherical droplet formation, while hydrophilic types tend to promote film formation of the applied hydrophilic monomer mixture.
Other factors to consider when choosing a nonwoven for insitu SAP polymerization include flexibility, softness, compressibility, resilience and elasticity. For hygiene applications, the final product must, of course, remain soft and flexible even though it is generally compressed to produce a thin structure. Resiliency and elasticity are important aspects of the nonwoven in that the substrate must be able to expand as the SAP particles begin to swell. Any impedance to the swelling of the SAP particles in the Highly permeable structures with good absorption properties that simplify the manufacturing process for superabsorbents and diapers xyz directions may prohibit the SAP from achieving its full absorptive capacity.
Applications
One unique property of in-situ SAP structures is their ability to rapidly generate a large, mechanically stabilized pore volume, which makes the structure become highly permeable [6] . In-situ materials provide such a mechanism through the swelling of the immobilized SAP particles following exposure to fluid. Both the degree and rate of expansion may be optimized by adjusting such parameters as: the degree of loading of SAP particles on the web, the SAP particle size, the degree of neutralization of the SAP particles and their respective crosslink density. The degree of expansion is an indication of the generated pore volume available for fluid uptake (i.e. larger volume correlates with better performance) and by increasing the speed at which the pore volume is generated, the likelihood of leakage during rapid fluid application is diminished.
The degree and rate of expansion of in-situ materials may be determined by measuring the free swell expansion volume (FSEV) [6] . The FSEV is determined by measuring the height (thickness) change, in millimeters, of a compressed, 6.0 cm diameter circle of the test material during hydration using a single 20 ml dose of 0.9% saline under an applied load of 0.6 KPa. The thickness of the sample as a function of time is measured with the aid of a linear variable differential transducer (LVDT) interfaced to a computer (additional details about this method may be found in reference 6). The results obtained for an in-situ material, containing 100 gsm of SAP applied to a 55 gsm, thermally bonded high-loft nonwoven, is shown in Figure 5a . A similar test, expansion volume under load (EVUL), was also conducted on the same sample using an applied load of 3.0 KPa and is shown in Figure 5b . As shown in Figures 5a and 5b , the in-situ material expands quite rapidly once hydrated, even under an applied load of 3.0 KPa. Following both the FSEV and EVUL tests, the hydrated in-situ sample was removed from the sample cell and the free fluid contained within the void spaces of the material was removed by blotting the sample between two stacks of filter paper under an applied load of 3.0 KPa for two minutes. The resulting weight loss allowed an estimation of the void volume of the sample. The corresponding gel volume, measured by the weight change of the dewatered sample, gives the amount of the fluid contained within the in-situ SAP particles on the web. The results of this determination are shown in Table I . As can be seen from the data, the in-situ material generates a substantial pore volume compared to the uncoated high loft nonwoven substrate and the SAP particles provide fluid storage.
Since in-situ materials swell rapidly and generate a large open pore volume, they lack sufficient capillary pressure to effectively wick and distribute fluids. This limitation is effectively overcome through the formation of laminate structures with cellulosic materials. Suitable laminates may be prepared by either air laying fluff pulp directly on the in-situ web or by simply laminating the webs with an air-laid, fluff-pulp roll good as shown in Figure  6 . The resulting laminate may then be either layered or folded as shown in Figure 7 to produce a structure with the desired basis weight and SAP loading.
A four layer, in-situ and fluff-pulp laminate structure is shown in Figure 8 . A comparison of the inclined wicking performance against two commercial adult diapers is shown in Figure 9 . Inclined wicking is determined by measuring the saline uptake of the sample up a 30 degree incline. One end of the sample is immersed in a constant-level reservoir containing 0.9% saline. Fluid uptake is measured by an electronic balance interfaced to a computer. As shown in Figure 9 , the wicking performance of the in-situ laminate structure is comparable to that of the two commercial adult diapers. Experimental diapers were prepared by removing the cores from both the low SAP (10 wt%) and high SAP (40 wt%) diapers and replacing them with the four layer, insitu laminate. The results obtained from rewet testing are shown in Figures 10a and 10b . As shown in Figure 10a , a significant improvement in rewet performance was observed for the low-SAP diaper containing the in-situ laminated core, while comparable performance was obtained for the modified high-SAP diaper. A dramatic improvement in strikethrough performance was observed ( Figure 10b ) for both diapers containing the in-situ core, demonstrating the superior fluid acquisition properties of in-situ materials.
Considering the acquisition and rewet data, we can address a common, undesirable trend seen among many commercially available diapers on the market today: the fact that acquisition times tend to increase with successive doses of fluid during rewet testing. With conventional fluff-based absorbent structures, the cellulosic fibers can lose resiliency and collapse when wetted. As a result, the liquid uptake rate of the wetted structures may become too low to adequately accommodate subsequent fluid insults. In these conventional structures, where absorbent gelling particles are incorporated between the fibers to hold them apart, the gelling particles swell and do not release the fluid. Swelling of the particles can then diminish the void volume of the absorbent structure and reduce the ability of the structure to rapidly uptake fluid. The degree to which the swelling of the absorbent gelling particle negatively impacts the rate of fluid uptake is dependent upon a number of factors, such as the concentration of superabsorbent used in the absorbent core, the degree of crosslinking in the polymer, the uniformity of the distribution of SAP within the structure, the particle size distribution of the powder and the hydrophobicity of the particles. While many of these factors are difficult to control in conventional cores, each of these factors is easily controlled with an in-situ core structure and may be optimized to achieve the desired performance properties for a given absorbent article. In many current, commercially manufactured absorbent products, a considerable amount of pressure is applied during manufacture to produce an "ultrathin" product. This compression decreases the interstitial pore volume of the structure, resulting in slower fluid uptake. Currently, a section of a high-loft nonwoven is inserted between the topsheet and the absorbent core to compensate for this effect and aid in the uptake of fluid. Key properties of this type of acquisition layer are the wet and/or dry modulus of the constituent fibers, the hydrophilicity of the fibers and the resiliency of the fabric structure [7] . Such properties contribute to the acquisition layer's ability to stay open under load, maintain void volume, resist wet collapse, enhance the desorption properties of the fabric, and preserve void volume capacity after successive applications of fluid. Acquisition materials used in current products have no real
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EXPANSION VOLUME UNDER LOAD (3.0 KPa) mechanism to reopen after being compressed other than the memory effects preserved in the fibers themselves. In-situ core structures possess their own built-in acquisition capability provided by their rapid generation of a large, mechanically stabilized pore volume. In-situ SAP polymerization also offers the potential to produce profiled absorbent structures in which each individual web surface has been spray coated with superabsorbent particles of different performance characteristics that have been optimized to perform a specific function, such as acquisition, fluid distribution or fluid storage. An example of such an optimized structure would be a web structure in which one coated web surface has been optimized for fluid acquisition and the other for fluid storage. Webs prepared in this manner may be used either alone in an absorbent article to provide the sole means of fluid acquisition and storage or in combination with conventional fluff and SAP cores to provide improved fluid uptake and increased capacity in selected zones within the article. The performance characteristics of spray-coated webs are dependent on a number of different factors, such as the crosslink density and degree of loading of the formed superabsorbent polymer as well as the density and basis weight of the substrate itself. Typically, acquisition zones are highly crosslinked to both minimize fluid retention and increase swelling speed, while storage zones are optimized for capacity. It is also possible to produce SAP gradients in both the xy plane and z direction of the nonwoven. Such possibilities do not easily exist with conventional absorbent core forming technologies. It is well known that an absorbent hygiene product capable of lowering skin pH within the range of 4.0 to 5.5 is beneficial in preventing, or at least reducing, the incidence of diaper rash [8, 9, 10] . Attempts to lower the pH of diapered skin through the addition of various acidic pH control agents suffer from a number of drawbacks including: decreasing the absorptive capacity of the absorbent core, safety and comfort factors associated with leaching of the pH-control materials from the article and processing problems associated with the placement and distribution of the acidic material within the absorbent core. Through simple control of the degree of neutralization of the applied acrylic monomer solution, in-situ SAP technology offers a convenient means to lower the pH both within the interior of the diaper as well as the surface without the difficulties mentioned above [6] .
Conclusions
In-situ, SAP-containing nonwovens have been shown to pos-
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IN-SITU LAMINATED CORE STRUCTURES sess a number of unique properties for application in the personal hygiene industry, such as improved fluid acquisition, permeability, compressibility and pH control. These materials also provide a more homogeneous SAP distribution, eliminate the need for SAP powder handling and have superior wet integrity compared to conventional fluff pulp and SAP air-laid structures. This technology also offers some unique opportunities for designing and manufacturing profiled absorbent articles with specific zones tailored to perform specific functions. 
